Abstract. Measurements of a scalar flux from an extended surface are frequently made with the eddy correlation technique consisting of a vertical velocity sensor and a sensor for the scalar of interest. In many cases the two sensors have to be mounted with a significant horizontal separation to avoid flow interference. Consequently, the technique will underestimate the scalar flux. This paper addresses the issue of flux underestimation due to this separation. A model is developed in the framework of Monin-Obukhov similarity for the spatial covariance of vertical velocity and air temperature in the unstable surface layer. It allows the underestimation of sensible heat flux to be assessed using information on separation orientation relative to wind direction, atmospheric stability, measurement height, and separation distance. The coefficient in the model is evaluated with observations made over a potato field and a clover field. The principles established here should also be applicable to fluxes of scalars other than sensible heat.
Introduction
Measurements of the vertical fluxes of atmospheric scalar constituents are important in studies of processes controlling the exchange of these scalars between land surfaces and the atmosphere. Over an extensive and uniform surface on flat terrain these measurements are frequently made with the eddy correlation technique consisting of a fast response velocity sensor for measuring the vertical velocity component and a sensor for the scalar of interest. In many cases the two sensors have to be mounted with a significant horizontal separation to avoid flow interference because either the scalar sensor is rather bulky or it has to be confined in a weather-proof enclosure to allow long-term operation. As a result of the separation this technique underestimates the flux. Previously, a few workers have expressed concern about this issue (see below). Their work appears to indicate that the degree of flux underestimation depends on separation distance, measurement height, atmospheric stability and separation orientation relative to wind direction. However, as pointed out in the next section of this paper, there is no theory that relates the underestimation to all these factors to allow quantitative assessment.
The main purpose of this paper is to develop a model for assessing the underestimation of eddy correlation sensible heat flux due to horizontal sensor separation in the unstable atmospheric surface layer. It is also hoped that the present study will improve our understanding of the horizontal turbulent structure near the ground surface. We chose to study sensible heat for the reason that measurements of temperature fluctuations can be easily made at multiple points with thermocouples. However, the principles established here should also be applicable to scalars other than sensible heat, based on the similarity of scalar transport processes in the atmosphere [Hill, 1989] .
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Prior to the analysis it is useful to review previous studies relevant to this work, which is done in section 2. Section 3 then establishes a model in the framework of MoninObukhov similarity theory for assessing the flux underestimation due to spatial separation. Experimental methods are described in section 4. In section 5 the constants that appear in the model are evaluated from the observations. Finally, in section 6 the implications of the model are briefly discussed. Because H(D is a spatial covariance, in principle its conservation equation can be constructed from the NavierStokes and heat conservation equations, in a manner similar to that of deriving the conservation equations of the spatial covariances of velocity components or temperature [Hinze, 1975; Tatarskii, 1971] . Finding solutions to these conservation equations is difficult because of the closure problem (there are more unknown variables than the governing equations) and it is only possible in highly simplified situations. For example, provided that turbulence is isotropic, analytical expressions have been derived for the spatial covariances of velocity components and those of temperature [Hinze, 1975] . The assumption of isotropy, however, leads to zero covariance between velocity and any of the scalars [Tatarskii, 1971] and is not appropriate at all for w-T covariance.
Review The eddy correlation technique measures the flux of sensible heat by forming a covariance between vertical velocity (w) and temperature (T), w' (•) T' (• + •), where w'(•) and T'(• +
Instead of assuming that the flow is completely isotropic, Moore [1986] used the property of local isotropy in the inertial•subrange in the wavelength domain. He defined a spectral transfer function, Ts, associated with sensor separation, in a similar manner as done to assess the effect of line averaging [Silverman, 1968; Kristensen and Fitzjarrald, 1984] . He argued that if separation distance r (= Il, m) is small and only affects turbulence fluctuations in the inertial subrange, the velocity cross spectra obtained for isotropic turbulence can be used to define Ts, which has the following working description for lateral separation:
Ts(f) = exp (-9.9f1'5),
where f -nr/u, n being natural frequency (Hz) and u wind speed (m/s). Hence
where Swr is the cospectrum of sensible heat flux in the surface layer.
For longitudinal separation, Taylor' s hypothesis of frozen turbulence will result in unrealistic longitudinal coherence in isotropic turbulence [Kristensen and Jensen, 1979] . Consequently, the concept of eddy turnover time has to be incorporated into spectral characteristics [Kristensen, 1979] . Assuming that r/u is small compared to eddy turnover time and the quadrature spectrum is negligible, Moore [1986] arrived at the following transfer function for longitudinal separation:
Ts(f) = cos (2rrf).
(On the other hand, G. W. Thurtell [see Heikinheimo, 1986] believed that (3) should represent the transfer function for lateral separation.) It can be shown from (1) (or (3)), (2), and the expression for Swr in the neutral and unstable surface layer [Kaimal et al., 1972; Kristensen and Fitzjarrald, 1984] that the ratio,
H(D/H(O)
, is a function of r/Zm, where Zm = Z --d, with z the height above the ground surface and d the displacement height, and is independent of wind speed. The r/Zm dependence has somewhat been confirmed by a few experiments [Heikinheimo, 1986; Koprov and Sokolov, 1973] . However, there are three significant problems with the above transfer function approach: it implies similarity between velocity components and w-T spatial cospectra, which, for the reason that will become clear later, is not valid; it is not appropriate when separation r is large; and it does not relate w-T covariance to separation orientation or stability.
Monin-Obukhov similarity, on the other hand, may provide a more promising tool than the above approaches for predicting turbulence structure over horizontally homogeneous surfaces. For example, it has been used for studying the behavior of the structure function, Dqq, of a certain quantity, q [Tatarskii, 1971] , which is defined as
At separation distances of inertial subrange scale, the temperature or humidity structure function has the form 
where T, is a temperature scale defined as the ratio of the kinematic sensible heat flux to the friction velocity (u,)
and L is the Monin-Obukhov length scale [Wyngaard et al., 1971] . With the assumption of horizontal homogeneity a little manipulation of (4)- (7) 
This, however, will result in egors. In an unstable surface layer, the decay of w spatial covariance with r is expected to be faster than that of T covariance, as the energy-containing range occurs at larger wavelengths for the T power spectrum than for the w spectrum. This difference in the two decay rates was observed by Koprov and Sokolov [1973] , who also showed that the decay of w-T covariance was in between the two. But it is possible, as discussed in the next section, to develop a model relating w-T covariance to L in a manner similar to that done for T covariance.
In the past, several studies have addressed experimentally the issue of w-T spatial covariance. Leuning et al. [1982] observed that increasing the lateral separation distance between the temperature and vertical velocity sensors of their eddy co,elation system from 0.05 to 0.45 m reduced the measured sensible heat flux by about 6% at a height of 2 m in the daytime. Based on limited observations, Koprov and Sokolov [1973] found that the dependence of w-T covafiance on lateral separation in slightly unstable conditions (z/L = -0.02) could be described with the following equation:
H(r)/H(O) = exp (-r/Zm). (10)
This equation was used by Heikinheimo [1986] as one of the means for estimating the loss of eddy cogelation fluxes due to lateral sensor separation. The prediction of (10) appeared to agree with his observations, although the stability during his experiment was probably not neutral (see section 6). These experimental studies dealt with specific cases. The question regarding the influence of wind direction and stability still remains unanswered. In next section, a model will be developed in the context of Monin-Obukhov similarity to allow the assessment of the spatial decay of w-T covariance from the measurements of all controlling factors. 
Dwr = [w(.•) -w(.• + •)][T(.•) -T(.• + •)]. (11)
Apparently, the direction of separation is important for Dwr.
Because turbulence is considered to be horizontally homogeneous, (11) can be written as 
where the similarity functions have the forms (L < 0)
Substituting (14)- (17) into (13) and using (7) This completes the derivation of the constraint of w-T covariance at small r. The coefficient a(/5) will be determined experimentally (section 5.2).
Constraint at Large Separation Distance
The w-T covariance should approach zero as separation The advantage of this function lies in its simplicity and its ability to match constraints for both small and large separation distances (equations (18) and (20) Table 1 for instrument heights and Table 2 for array separation distances. Signals from unit 1138 and the arrays were sampled at 5 Hz with a data logger (Campbell Scientific, Incorporated, model 21X with extended software II). The reference junctions for the array thermocouples were at the terminal strip of the data logger. Statistics were calculated on line over 30-min intervals. These were the variances of and covariance between vertical velocity and air temperature from unit 1138 and covariances between each of the two signals from unit 1138 and those of the array thermocouples.
A second eddy correlation unit was mounted at a level above unit 1138 (Table 1) 
Data Processing
In the potato field the range of favorable wind directions was 2500-300 ø, with fetches of 400-700 m. In the clover field the range was 120ø-270 ø when the arrays were at the 1.54-m height and 150ø-210 ø when they were at the 3.01-m height. The corresponding fetches were 100-270 and 250-270 m. 
T (u2-Ul) 2 '
where # is the acceleration due to gravity, T is the air temperature averaged over heights z l and z2 (Table 1) 
Results

Comparison of Measurements
There was good agreement between Ri calculated from Also given are correlation coefficient (R), distance above the displacement height (z -d), and total number of runs (n).
directly measured H(ro) for all height and separation distance combinations. For 26 of the 30 combinations the agreement was within +-6%.
Discussion
As Heikinheimo's [1986] observations. This comparison is not a rigorous and independent validation of (21) and (32), but it confirms the 4/3 scaling law.
Assuming that 3% is the tolerable flux loss due to sensor separation during eddy correlation measurements, the maximum allowable separation distance (rmax) will depend on measurement height, stability, and wind direction (Figure 9 ). There is an advantage in elevating the measurement level: the increase in z will decrease rmax/Zrn and increase Izm/LI, both resulting in a longer safe separation distance. Of course, when doing so, one should be aware of the fetch requirement.
Conclusion
The model of w-T spatial covariance, established here for unstable atmosphere in the framework of Monin-Obukhov similarity, describes the observations satisfactorily. The decay of w-T covariance with separation follows 4/3 power law at small separation distances and is exponential at large ing that 3% is an acceptable flux underestimation, a conservative estimate is that the ratio of separation distance to the height above the displacement plane should not exceed about 5%.
In principle, the model can be extended to stable conditions by replacing the similarity functions for sensible heat and turbulent kinetic energy with those for stable air. The experimental verification of this practice is challenging because of the difficulty in measuring fluxes of small magnitude and the very strict requirement of fetch for the site. This issue will be addressed in the future.
